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Abstract. RNA/DNA ratios in individual herring (Clupea
harengus) larvae (collected from Kiel Bay, Baltic Sea, in
1989) were measured and proved suitable for determining
nutritional status. Significant differences between fed and
starving larvae appeared after 3 to 4 d of food depriva-
tion in larvae older than 10 d after hatching. The RNA/
DNA ratio showed an increase with age or length of the
larvae and was less pronounced in starving larvae com-
pared to fed larvae. The individual variability of RNA/
DNA ratios in relation to larval length of fed larvae and
of larvae deprived of food for intervals of 6 to 9d is
presented. Based on the length dependency and the indi-
vidual variability found within the RNA/DNA ratios, a
laboratory calibration is given to determine whether a
larva caught in the field has been starving or not. An
example for a field application is shown.

Introduction

High mortality rates during early life history stages most
possibly determine the size and fluctuations of a year
class. It is assumed that either the lack of food or a mis-
match in larval fish and food organisms distribution is a
principal cause of poor year class strength (Hjort 1914,
Hunter 1976, Lasker 1987). It has been shown that the
ratio of ribonucleic acid (RNA) to deoxyribonucleic acid
(DNA) is a useful indicator of nutritional condition. Nu-
cleic acids play a major role in growth and development.
The amount of DNA, the carrier of the genetic informa-
tion, is quasi-constant in somatic tissues, and tissue con-
centrations therefore reflect cell numbers. The amount of
RNA in the cell is directly proportional to the amount of
protein synthesis occurring. The relationship between
RNA and DNA is an index of the cell’s metabolic inten-
sity and has been used to measure recent growth in fishes
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(see review by Bulow 1987). It has proven a useful indica-
tor of nutritional condition as has been shown in several
larval fish studies (Buckley 1980, 1981, 1984, Martin
et al. 1985, Fukuda et al. 1986, Buckley and Lough 1987,
Clemmesen 1987, Raae et al. 1988, Robinson and Ware
1988, Westerman and Holt 1988). Previous studies mea-
suring RNA/DNA ratios in larval fish used a method
which required a minimum of 800 pg dry weight per sam-
ple (Buckley 1979), so pooled samples had to be analyzed,
and estimates of the individual variability in RNA/DNA
ratios were impossible. But such estimates could be essen-
tial for detecting starving individuals in the field in order
to determine whether starvation plays a major role in the
recruitment process. By use of a now available highly
sensitive fluorimetric method which allows the determi-
nation of the RNA/DNA ratios of individual larvae
(Clemmesen 1988, 1993) the effect of age and size on the
RNA/DNA ratios of fed and starving larvae can be
analysed. Laboratory-reared herring (Clupea harengus)
larvae were fed or deprived of food for intervals of 3 to
9d in relation to age and size in order to produce a
calibration for the determination of the nutritional status
of fish larvae from the field. A length-dependent relation-
ship with critical RNA/DNA levels for starved and fed
laboratory-reared herring larvae is given.

Materials and methods

Larval material

Adult herring were captured alive in 1989 by using a fish trap in Kiel
Bay (Baltic Sea). The fish were stripped, and the fertilized eggs were
incubated at 9.2°C. Larvae were reared in 100 and 4001 square
tanks. Temperature varied between 12.0 and 16.7°C with a mean
temperature of 14.4°C. One group of larvae was offered rotifers
(Brachionus plicatilis) directly after hatching until the end of the
experiment (Day 65). Freshly hatched Arzemia spp. nauplii (San
Francisco brand) were added to the diet from Day 19 to 65. Mean
concentrations of 5.0 B. plicatilis ml™! and 1.0 Artemia spp. ml™*
were adjusted daily. The other group was deprived of food for
intervals of 3 to 9 d before sampling. Larval samples were taken
prior to feeding. To evaluate the quality of the rearing facilities,
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RNA/DNA ratios of herring eggs and larvae fed with B. plicatilis
and Artemia spp. at a density of 3.0 and 0.5 organisms ml~* were
analysed to observe whether larvae have RNA/DNA ratios present
in the eggs. It was assumed that the ratios of the eggs would reflect
a good condition. One to two eggs were needed to determine the
RNA/DNA ratio. As an indirect and easy-to-measure indicator of
age the length of the larvae was determined prior to analysis.

Measurements of RNA/DNA ratios

Determination of RNA and DNA contents was performed accord-
ing to the fluorescence technique described by Clemmesen (1988)
with some modifications (Clemmesen 1993). The analytical proce-
dure involves purification of larval tissue homogenates and sub-
sequent fluorescence-photometric measurement using a specific nu-
cleic acid fluorescent dye, ethidium bromid (EB), for DNA and
RNA. In order to measure the DNA content of a sample, RNA was
enzymatically digested by RNase and the remaining DNA was
determined with EB.

Results

The RNA/DNA ratios of herring eggs and larvae are
presented in Fig. 1. Larvae were fed from the day of
hatching until the end of the experiment. The RNA/
DNA ratios of the eggs increased slightly towards hatch-
ing and had a mean value of 3.0. The RNA/DNA ratios
of the larvae showed a decrease in the ratio right after
hatching, followed by an increase at Day 3 and a renewed
decrease at Day 5. This might be due to the high mobili-
sation of the yolk reserves just after hatching followed by
a reduced metabolic activity at the end of the yolksac
stage. Larvae had RNA/DNA ratios in the range of 1.3
to 4.9. The ratio stabilized at about Day 11 with a mean
of 3.0, which reflected the values found in the eggs.

A comparison of RNA/DNA ratios of starved and fed
herring larvae is shown in Fig. 2a, b. In the first days
after hatching fed larvae also showed RNA/DNA ratios
in the range found for starving larvae (Fig. 2 a), therefore
no separation was possible. For larvae 10 d and older,
deprivation of food lead to a significant decrease in the
RNA/DNA ratios (Fig. 2b) in comparison to fed larvae
after 3 to 4 d (ANOVA, p<0.05). An increase in the star-
vation interval resulted in a further decrease in the RNA/
DNA ratio. It was reduced to half after 6 to 7 d of food
deprivation, and showed less variability within the RNA/
DNA ratios compared to the ratios of larvae starved for
3 to 4 d. The RNA/DNA ratios of fed larvaec showed a
tendency to increase with the age of the larvae.

The RNA and DNA contents (Fig. 3a, b) and the
RNA/DNA ratios (Fig. 4) of food-deprived larvae were
compared with fed larvae in relation to larval length.
The RNA and DNA contents as well as the RNA/DNA
ratios of starving larvae were combined in two groups:
larvae starved for 3 to 4 d and larvae starved for 6 to 9 d.
A comparison of the DNA content per length (ug mm 1)
in relation to larval length didn’t show a significant
difference whether larvae were fed or starving (Fig. 3 a).
In contrast, the RNA content per length (ugmm™1)
showed significantly lower RNA values for starving lar-
vae (ANOVA, p<0.05), meaning that the RNA content
per length at a given length class is reduced in starving
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Fig. 1. Clupea harengus. Individual RNA/DNA values of herring
eggs and fed larvae. Line connects the mean values of each age
group. 0: eggs at the day of hatching
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Fig. 2. Clupea harengus. RNA/DNA ratios of fed and starving her-
ring larvae in relation to larval age; (a) age 1 to 13 d (b) age 9 to
61 d. Data points are means of 5 to 15 individually determined
RNA/DNA ratios. Vertical bars show standard deviation, for better
clarity, only given one-sided. (b) Numbers denote length of starva-
tion time in days prior to analysis. Asterisks refer to significant
differences between means of starved and fed larvae of the same age
(Mann-Whitney U-test, p<0.05)
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Fig. 3. Clupea harengus. Relation between (a) mean DNA-content
per length (ugmm™*) and (b) mean RNA-content per length
(ug mm ™) and larval length. Results from fed larvae and larvae
deprived of food for 3 to 4 or 6 to 9 d are given. Lines connect the
mean values of each nutritional group

larvae and decreases further with an increase in the length
of starvation time (Fig. 3b). The consequence is a signif-
icantly reduced RNA/DNA ratio (ANOVA, p<0.05) in
starving larvae compared to fed larvae (Fig. 4). All three
nutritional groups showed an increase in the RNA/DNA
ratio with the length of the larvae, most obvious in the fed
group and less pronounced in the starving groups. The
variability within the RNA/DNA ratios of a given length
class decreased with increasing starvation time. Larvae
starved for 6 to 9 d showed a decreased length dependen-
cy and less variability compared to larvae starved for 3 to
4 d (Fig. 4). When comparing the relation between ratio
and length and ratio and age, the variability within the
RNA/DNA ratios of the length groups was reduced since
the consideration of larval length compensates for the
differences in growth occurring within the age groups.

Fig. 5 shows the individual variability of the RNA/
DNA ratios and the length dependency of the ratios for
herring larvae fed constantly during the course of the
experiment and for those starved for 6 to 9 d. For both
groups linear regression models and the 95% confidence
intervals of the regression were fitted to the data. The
RNA/DNA ratios of fed larvae were spread over a wide
range and some overlap with the values found in starved
larvae was shown.
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Fig. 4. Clupea harengus. Relation between RNA/DNA ratios (mean
values) and larval length. Results from fed larvae and larvae de-
prived of food for 3 to 4 or 6 to 9d given. Lines fitted by linear
regression analysis
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To evaluate whether larvae from the field were starv-
ing or not their RNA/DNA values were compared with
RNA/DNA ratios of laboratory-reared herring larvae
deprived of food for 6 to 9 d. The condition of the 10 to
15 mm (SL) herring larvae caught during an Int. Council
Explor. Sea (I.C.E.S.) survey in the English Channel in
January 1986 was evaluated by plotting their RNA/DNA
ratios into the regression model of starved and fed labo-
ratory-reared herring larvae (Fig. 6). 1.4% of the larvae
from the English Channel had ratios below or within the
95% confidence interval of the regression of 6- to 9-d
starved larvae and were therefore determined to be starv-
ing. Based on the regression line of RNA/DNA ratios of
fed laboratory larvae, 41.2% of the field larvae had
RNA/DNA ratios below these levels.

Discussion

The aim of the laboratory experiments was to show the
suitability of the RNA/DNA ratio to determine the nutri-
tional status of individual fish larvae and to establish an
application to evaluate the nutritional condition of larvae
caught in the field. Therefore, a laboratory calibration
of the RNA/DNA ratio was performed to determine
whether a larva was well fed or suffering from starvation
prior to sampling. The laboratory-rearing facilities used
provided larvae in a condition equivalent to the condition
found in the eggs. It, therefore, can be assumed that the
facilities used should allow good larval development. The
mean value of 3.0 found in herring eggs is in good agree-
ment with a RNA/DNA ratio of 3.2 given by Buckley
(1981) for winter flounder eggs.

With the analytical nucleic acid method used here in-
dividual determination of condition and variability with-
in what is theoretically an equally treated group could be
investigated. Significant differences in the RNA/DNA
ratios of fed and starving larvae were found after 3to 4 d
of food deprivation. An extension of the period of starva-
tion resulted in a further decrease in the ratio. The influ-
ence of shorter starvation times could not be measured
with the methodology applied here. Generally, the ribo-
somes (RNA) are able to react to changes in nutritional
condition within hours by decreasing their activity. But a
reduction in the ribosome number and therefore RNA
content at the temperature range used in the present
study only occurs after longer periods of starvation in the
range of days (Henshaw et al. 1971, Millward et al. 1976,
Lied et al. 1982, Houlihan 1988). 3 to 4 d of starvation led
to a nutritional limitation from which the larvae were
able to recover after 4 to 7 d when food was available
again (Clemmesen-Bockelmann 1992). Studies by Blaxter
and Ehrlich (1974) showed that herring larvae reached
the ‘point of no return’, depending on age and tempera-
ture, after 6 to 15 d of food deprivation. Therefore, 6 to
9 d starvation as used in the present study represents a
time period important in recruitment studies.

There was no significant difference in RNA/DNA ra-
tios between fed and starving herring larvae from hatch-
ing up to an age of 10 d. Although sufficient food was
available, fed larvae shortly after hatching showed re-

duced RNA/DNA ratios in the same range as those
found for starved larvae. This seems to be due to prob-
lems resulting from the change of internal to external
nutrition. During this transitional phase developmental
and physiological changes such as the opening of the
mouth and esophagus, development of liver, gallbladder
and pancreas (Govoni 1980, O’Connell 1981, Govoni
et al. 1986), the production of proteolytic digestive en-
zymes and the resorption ability of the gut (Dabrowski
1984, Ueberschir 1985, Deplano et al. 1991) must take
place. Delayed development or innate genetic defects
could explain some of the low RNA/DNA ratios within
the fed group. The problem of not being able to distin-
guish fed and starving larvae in the first few days after
hatching was also pointed out by other authors using
different indicators of nutritional condition (O’Connell
1976, Martin et al. 1984, Pedersen et al. 1987, 1990). Low
RNA/DNA ratios in both groups, therefore, are not
due to RNA/DNA-specific methodological problems but
rather to a natural phenomenon caused by a change in
nutritional uptake.

By using a nucleic acid analysis sensitive enough for
individual larvae, the length dependency of the RNA/
DNA ratio could be analysed for the first time. An in-
crease in the RNA/DNA ratio with length or age of the
larvae in a group being treated equally with respect to
nutrition was unexpected. A stable RNA/DNA ratio
characteristic for well nourished larvae independent of
length may only be reached when a metabolic balance is
achieved. Studies by Fukuda et al. (1986) showed that
herring larvae had to reach 30 mm to show a constant
level of glycogen, phospholipids and proteins in relation
to dry weight, indicating that metabolic or physiological
changes were occurring in smaller larvae. An increase in
the ratio with age or length of the larvae may be effected
by cells growing without the DNA content increasing
(hypertrophy), which is specific to locomotory muscle
DNA (Goss 1966). In future studies this could be further
evaluated by determining the C/DNA ratios (Anger and
Hirche 1990) or by measuring pg dry weight ug~! DNA
as an index of cell size (Ota and Landry 1984). The in-
crease in RNA/DNA ratios with an increase in the length
of the larvae in the group deprived of food for 6 to 9 d is
probably due to the fact that the starvation potential is
longer in older (larger) larvae. Larger larvae need longer
time periods to reach lower RNA/DNA ratios. It is pos-
tulated that a further increase in starvation time in older
larvae will result in a minimum RNA/DNA level which
will be independent of the larva’s length. There are indi-
cations in the literature that RNA/DNA ratios reached
after starvation periods in the time range of days to weeks
result in a value of ca. 1 near the ‘point of no return’
(Table 1). ,

Based on the laboratory experiments presented, two
general possibilities for the determination of the nutri-
tional condition exist. The RNA/DNA ratios of herring
larvae of unknown condition can be compared with ra-
tios found in fed larvae or with RNA/DNA ratios deter-
mined in starving larvae. Since it is easier to define starva-
tion situations under laboratory conditions in which
food is withdrawn completely rather than to define good
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Table 1. RNA/DNA ratios of different species of starved fish larvae

Species Starva- Mean Source

tion time RNA/

(d) DNA
Ammodytes americanus 7 1.5 Buckley et al. 1984

14 1.0
Clupea harengus 9 1.2 Ueberschir and

13 11 Clemmesen 1992
Clupea harengus 9 1.3 Clemmesen 1987
Morone saxatilis 12 1.2 Wright and Martin

1985

Pleuronectes platessa 14 1.0 Hovenkamp 1990
Scophthalmus maximus 7 1.3 Clemmesen 1987
Solea solea 9 11 Richard et al. 1991
Theragra chalcogramma 7 1.0 Canino et al. 1991

feeding conditions, it seems advisable to compare RNA/
DNA values from larvae caught in the field with ratios
found in larvae deprived of food in the laboratory. It is
also more important for the recruitment problem to show
food limitation or badly nourished larvae than to define
well fed larvae. Further, the RNA/DNA ratios in starv-
ing larvae in the present study showed a less pronounced
length dependency than in fed larvae and a reduced indi-
vidual variability. It also should be noted that the RNA/
DNA ratios found in 6- to 9-d starving larvae in the
present study are in good agreement with other values
determined in different species of starving fish larvae
(Table 1). There seems to be a species-independent mini-
mum RNA/DNA value around 1 necessary for survival.
The author is therefore confident that the laboratory-de-
termined RNA/DNA ratios of starving herring larvae
can be used to determine starvation of field-caught larvae
and could also be used to evaluate the condition of larvae
other than herring. In comparison the RNA/DNA values
of well fed fish larvae from laboratory situations are less
reliable.

All ‘critical values’ for the evaluation of condition
published so far have used a length- and age-independent
RNA/DNA ratio which did not account for the natural
variability within a starving group, since the methods
applied did not allow for individual examination (Buck-
ley 1984, Martin et al. 1984, Robinson and Ware 1988).
The first restrictions on the use of these critical values
were made by Clemmesen (1989), who described two crit-
ical levels in dependence of larval age. In the present
study critical RNA/DNA values which take length de-
pendency and individual variability into account are
shown. This resulted, for example, in mean RNA/DNA
values of 1.2 for 10-mm larvae starved for 6 to 9d
compared to a mean RNA/DNA ratio of 1.7 for 23-mm
larvae.

Based on constant critical values which have been
used in previous studies, an evaluation of the nutritional
situation of larvae from field samples would be biased
compared to the length-dependent critical values present-
ed here. The number of starving larvae in the small length
groups would be over-estimated, the number of larger

starving larvae would be under-estimated based on a con-

“stant level. This discrepancy is even more important if the

condition of the larvae is to be evaluated based on the
regression model found for fed larvae. Therefore, it is
necessary to measure the larva’s length, i.e., age, or devel-
opmental stage and to take this into consideration when
the nutritional condition of the larva is to be evaluated
based on RNA/DNA ratios.

The effect of temperature was not determined in the
present study, but has to be further evaluated, since it
influences physiological processes and has been shown
to effect RNA/DNA ratios. Higher RNA tissue con-
centrations at lower temperatures may be a compensato-
ry mechanism for lower RNA activity (Buckley 1982,
Goolish et al. 1984, Mathers et al. 1992).

The use of a highly sensitive fluorescence method to
determine individual RNA/DNA ratios and the validity
of the RNA/DNA ratio to describe the nutritional situa-
tion of a fish larvae have proven useful. It is postulated
that the presented critical RNA/DNA values make it
possible to evaluate whether a larvae caught in the field
is starving or not.
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